Understanding the functional role of the left lateral parietal cortex in episodic retrieval requires characterization of both spatial and temporal features of activity during memory tasks. In a recent study using magnetoencephalography (MEG), we described an early parietal response in a cuedrecall task. This response began within 100 milliseconds of the retrieval cue and lasted less than 400 milliseconds. Spatially, the effect reached significance in all three anatomically defined left lateral parietal subregions included in the study. Here we present a multimodal analysis of both hemodynamic and electrophysiologic responses in the same cued-recall paradigm. Functional MRI (fMRI) was used to more precisely reveal the portion of the parietal cortex with the greatest response. The MEG data set was then reanalyzed to show the early MEG time course of the region identified by fMRI. We found that the hemodynamic response is greatest within the intraparietal sulcus. Further, the MEG pattern in this region shows a strong response during the first 300 milliseconds following the cue to retrieve. Finally, when individual-dipole MEG activity is analyzed for the left cortical surface over the early 300-millisecond time window, significant recall-related activity is limited to a relatively small portion of the left hemisphere that overlaps the region identified by fMRI in the intraparietal sulcus.
Introduction
Recent efforts to assign a functional role for the prominent activations in left lateral parietal cortex during episodic retrieval tasks have produced competing hypotheses. One hypothesis holds that retrieved information is stored in an "episodic buffer" supported by the left parietal cortex (Baddeley, 2000; Vilberg and Rugg, 2008a; Wagner et al., 2005) . Another hypothesis states that left parietal cortex participates in directing attention internally to memory search (Cabeza, 2008; Ciaramelli et al., 2008) . Others have proposed that parietal cortex does not directly participate in retrieval and instead reflects the subjective experience of recollection (Ally et al., 2008) .
The relatively high spatial resolution of functional magnetic resonance imaging (fMRI) has provided evidence for a further functional dissociation between left hemisphere dorsal parietal and ventral parietal cortex. In particular, ventral parietal activity has been associated with the episodic buffer. Some have questioned dorsal parietal involvement in retrieval, suggesting it may only reflect "processes downstream of retrieval" Rugg, 2008a, 2008b) . Under the attention to memory hypothesis, however, ventral parietal activity arises from attentional capture by retrieved information in an automatic, bottom-up process, and dorsal parietal activity supports goal-driven, top-down direction of attention to retrieval (Cabeza, 2008; Ciaramelli et al., 2008) .
We recently proposed that these functional hypotheses could be distinguished by the timing of the parietal response . Episodic buffer, subjective experience of recollection, and bottom-up attention all require that at least some information has already been retrieved. Top-down attention to memory search, on the other hand, must begin prior to retrieval, and is consistent with an early parietal response. Using magnetoencephalography (MEG) in a cued-recall task, we observed a response in left posterior parietal cortex that began within 100 milliseconds (ms) of the cue and resolved in less than 400 ms. This early and transient activity increase is most consistent with an attentional role. However, the pattern of activity in the three anatomically-defined subregions probed in the study was fairly similar and did not show a dissociation of dorsal and ventral parietal cortices.
Both location and timing are required to characterize parietal activity in retrieval paradigms and improve understanding of its function. Dissociable spatial patterns within the parietal cortex have been observed with fMRI, but the hemodynamic response offers very limited information on timing. Conversely, our MEG results have revealed an early parietal response, but no clear dissociation was observed between the superior and inferior anatomical subregions probed in the study. While fMRI and MEG may measure different aspects of brain activity, both modalities provide important functional insights. The advantage of a multimodal approach is the opportunity to leverage both the spatial resolution of fMRI and the temporal resolution of MEG to investigate retrieval activity in the same region of parietal cortex.
In this manuscript, we present results from a combined analysis of a previously unpublished fMRI data set and our MEG data. We acquired BOLD functional data from subjects performing the same paradigm used in our previous MEG study . We expected the hemodynamic response would reveal one or more significant activations within the left lateral posterior parietal cortex. Those regions could then be used as masks for our MEG data to give insight into the temporal dynamics of neural activity in the functional regions of interest (ROI). We hypothesized that this multimodal analysis would confirm MEG findings of recall-associated activity in dorsal and ventral parietal subregions, while painting a more precise picture of the spatiotemporal dynamics of the left lateral parietal response in episodic retrieval.
Material and Methods

Participants
Sixteen healthy, right-handed adults participated in this study. Twelve subjects (mean age: 23.8 ± 3 years; five male) participated in the fMRI study, and eleven subjects (mean age:
23.7 ± 3 years; six male) participated in the MEG study. Seven subjects participated in both the fMRI and MEG studies; of these, four had fMRI first. These studies were approved by the institutional review board of the University of California, San Diego. Subjects gave informed consent prior to the experiment and received $40 for their participation.
Stimuli
Stimuli were 256 color drawings of common objects selected from Rossion and Pourtois color Snodgrass images (Rossion and Pourtois, 2004) . Drawings were paired randomly into 128 pairs. Pairs were screened to remove those with obvious visual or semantic relationships.
Task
The behavioral task for fMRI sessions was identical to that previously described for MEG sessions . Subjects were tested on 128 pairs of drawings of common objects and animals (which they had studied approximately 45 minutes prior to the experiment) while activity was recorded using either fMRI or MEG. In all test phase trials, a single drawing from one of the studied pairs was presented for 500 ms in one of two boxes (Figure 1 ), followed by an additional 2750-ms response period. During "classify" trials, subjects simply indicated by a finger response whether the presented stimulus was a living or non-living object. During "recall-classify" trials, subjects indicated whether the absent associate of the presented stimulus was a living or non-living object, requiring recall of the paired associate. A colored box, present from 1000 ms prior to stimulus onset, designated the trial type-green for classify and red for recall-classify. A fixation cross presented between two black boxes was shown for the first 250 ms of each trial. Subjects were instructed to respond as quickly and accurately as possible.
The test phase comprised 256 trials, presented in eight runs of 32 trials each. Order of presentation of stimulus pairs was pseudorandomized to create 'trial list A' and 'trial list B,' each containing all pairs. The item presented from each pair, the side of the screen it was presented on, and the condition associated with each pair were all pseudorandomly determined separately for each trial list. All pairs were the same in each list. In the MEG experiment, five subjects were given trial list A and six subjects were given trial list B. In the fMRI experiment, six subjects were given trial list A, and six subjects were given trial list B. Of the seven subjects who participated in both the MEG and fMRI experiments, four were given trial list A first, and three were given trial list B first. The average interval between sessions for these subjects was 7.9 days (range: 5-11 days). During fMRI acquisition, stimuli were presented on a screen visible to the subject via a mirror, and subjects indicated their responses using an MRI compatible button box held in their right hand.
MRI Acquisition
Imaging was done with a 3T GE scanner at the Center for Functional MRI at the University of California, San Diego. Functional images were acquired using a gradient echo echoplanar, T2*-weighted pulse sequence (repetition time = 1.5 s, one shot per repetition, echo time = 30 ms, flip angle = 90°, bandwidth = 31.25 MHz). Twenty-two slices covering the entire brain were acquired perpendicular to the long axis of the hippocampus with 3.4 × 3.4 × 7 mm voxels. A T1-weighted high-resolution (1 × 1 × 1 mm), three-dimensional magnetization-prepared rapid gradient echo or fast spoiled gradient recalled anatomical dataset was also collected for each subject. An additional T1-weighted structural scan was acquired in the same slice locations as the functional images for use in confirming alignment of functional data to the high-resolution anatomical scan.
fMRI Analysis
An event-related design was used to examine parietal activity during the recall-classify and classify conditions. These were contrasted with an even-odd digit classification active baseline. Error trials (unsure, incorrect, and no-response) were excluded from the analysis. Trials were jittered with 0, 3, 6, or 9 seconds of baseline to optimize the study design (Dale, 1999) .
Data from each run were reconstructed. Slices were temporally aligned and co-registered with a 3D registration algorithm. Voxels outside the brain were removed using a threshold mask of the functional data. A general linear model was constructed using multiple regression analysis, and included six motion regressors from the registration process and regressors for recall-classify and classify condition correct and incorrect responses using the AFNI suite of software (Cox, 1996) . For the recall-classify and classify conditions, a hemodynamic response was estimated, within each voxel, for the 15 seconds following trial onset using signal deconvolution.
Derived hemodynamic response time series for each condition were projected to a model of each subject's cortical surface to facilitate comparison to the MEG analysis, which used surface meshes as the source space for dipole locations. The FreeSurfer software package (version 4.5.0, http://surfer.nmr.mgh.harvard.edu) was used to create a surface mesh for each hemisphere consisting of approximately 160,000 vertices per hemisphere. Anatomical regions of interest were identified through an automated parcellation of the individual surface using the Desikan-Killiany atlas (Desikan et al., 2006; Fischl et al., 2004) . Three regions (corresponding to those used in the previous MEG study) were taken from the atlas as ROIs for fMRI analysis: left superior parietal, left inferior parietal, and left supramarginal.
BOLD activity was measured by averaging the expected peak parameter estimates from the hemodynamic response of each condition (corresponding to volumes acquired at 4.75, 6.25, 7.75, and 9.25 seconds following cue onset). Activity differences between conditions were assessed at the ROI and vertex levels. ROI differences were evaluated after averaging BOLD activity from all vertices within the region in each subject's native space and performing a two-tailed t-test across subjects for recall-classify vs. classify conditions. Vertex-wise analysis (for group-level maps) was performed after registering individual surfaces to a seventh-order icosahedron representation of the FreeSurfer average subject . To account for variation in anatomy in the vertex-wise analysis, a conservative iterative smoothing process was applied to each subject's data before registering to the average surface, as well as to the group-level data after averaging across subjects (iterative smoothing was equivalent to a 6 mm full-width, half-maximum Gaussian kernel).
In addition to the atlas regions, a functional ROI within the left lateral parietal cortex was defined from a t-statistic map of BOLD activity differences between recall-classify and classify conditions. The region was defined as the cluster of supra-threshold vertices adjacent to the peak activity difference within the left lateral posterior parietal cortex, where the threshold was set by controlling the false discovery rate for the entire left hemisphere surface at 0.05 (Genovese et al., 2002) . For display of the map, color thresholds were set for t-statistics corresponding to controlling the false discovery rate at 0.05 (minimum) and 0.01 (maximum).
MEG Analysis
MEG data acquisition, activity estimation using dynamic statistical parametric mapping (Dale et al., 2000) , and analysis were all described previously .
Additionally, the functional ROI defined from the fMRI group map was resampled to a lower-resolution surface mesh used for MEG analysis (approximately 2,500 dipoles per hemisphere). Estimated individual subject MEG data from dipoles within the functional ROI were combined to create an average ROI time series for each condition. As in the previously published analysis, statistical significance of the activity difference between the two conditions was evaluated by paired, two-tailed t-tests across subjects for each of eight 100 ms subperiods (i.e., 100-190 ms, 200-290 ms, etc.), extending from 300 ms prior to cue onset to 500 ms after cue onset. Significance was assessed at the p < 0.01 level, after applying a Bonferroni correction for the eight comparisons.
A t-statistic map of MEG data was calculated for comparison with fMRI results and to visualize the spatial extent of significant MEG activity using a vertex-wise approach. Estimated activity for each condition was averaged across the time periods of significant MEG activity difference in the functional ROI. For each dipole (i.e., each vertex on the lowresolution surface), a t-test across subjects was performed to compare the average recallclassify and classify activity. This group map was then resampled to the high-resolution surface and smoothed (iterative smoothing equivalent to 6 mm full-width, half-maximum Gaussian kernel) for display consistent with the fMRI map. Color thresholds were set for t statistics corresponding to controlling the false discovery rate for the left hemisphere surface at 0.05 (minimum) and 0.01 (maximum).
Results
fMRI Behavioral Results
Mean reaction times (± standard error) from the fMRI experiment were 1743 ± 59 ms for recall-classify, and 1191 ± 46 ms for classify trials, representing a significant difference (p < 0.001, two-tailed t-test), similar to previous studies with this task (Israel et al., 2010; Seibert et al., 2010) .
A subject response was recorded within the specified response period in 94% of trials. Of these trials, subjects responded correctly in 97 ± 1% of classify trials and 90 ± 4% of recallclassify trials (mean ± standard error). Only trials with correct responses were included in signal deconvolution and comparisons of activity.
For subjects who participated in both MEG and fMRI sessions there was no significant difference in accuracy in either condition between the first and second sessions (paired ttests, p = 0.58 and p = 0.97 for recall-classify and classify conditions, respectively).
Atlas ROI Analysis
MEG results from three left lateral parietal regions of the Desikan-Killiany atlas (Desikan et al., 2006) were published previously. Recall-classify activity was greater than classify activity in each of the three regions for 100 ms subperiods immediately following cue onset, with the superior parietal region showing the greatest effect. Analysis of the BOLD data shows recall-classify activity was greater than classify activity in the left superior parietal (t = 6.1, p < 10 −5 ) and left inferior parietal regions (t = 7.7, p < 10 −9 ), but not left supramarginal (t = −1.4, p = 0.18). Supplementary Figures 1 and 2 show the MEG and fMRI time courses.
fMRI Vertex Analysis
Lateral parietal BOLD activity differences are displayed as t-statistics for each vertex in Figure 2B , alongside the three parietal atlas ROIs (Figure 2A) . A prominent region of greater activity for the recall-classify condition was found in the intraparietal sulcus, straddling the entire boundary between the superior and inferior parietal atlas ROIs. A smaller region of greater recall-classify activity was also observed in the most inferior portion of the inferior parietal atlas ROI, though the peak of this cluster was in lateral occipital cortex. t-statistic values for vertices outside the parietal cortex are included in the display for context but such activations outside the a priori ROIs are not discussed further.
Functional ROI Analysis
A functional region of interest was defined on the FreeSurfer average cortical surface for the peak cluster of greater recall-classify activity within the left parietal cortex ( Figure 3A) . The full, derived hemodynamic response for the functional ROI is shown in Figure 3B .
When this region was applied to the MEG data set, average time series for recall-classify and classify conditions appeared to diverge just prior to cue onset, with a peak difference at 150 ms ( Figure 3C ). A temporary convergence is seen at ~100 ms, and the two conditions display similar levels of activity by ~400 ms after stimulus onset. Testing for significant activity difference in 100 ms subperiods revealed significantly greater recall-classify activity over 0-100 ms (t = 4.4, p < 10 −3 ), 100-200 ms (t = 5.3, p < 10 −5 ), and 200-300 ms (t = 6.3, p < 10 −7 ). All MEG p-values are corrected for multiple comparisons using the Bonferroni method for eight comparisons. An exploratory analysis of the early prestimulus period (from 1000 ms prior to cue onset to 300 ms prior to cue onset) did not suggest a MEG activity difference prior to our time period of interest.
MEG Vertex Analysis
MEG activity time series at each vertex were averaged over 0-300 ms, corresponding to the period of significant MEG activity difference in the functional ROI. Significant vertex-wise MEG activity differences in the lateral parietal cortex over this time window are shown in Figure 2C , with t-statistics displayed for each vertex. The spatial extent of greater recallclassify activity in this analysis is relatively limited to the intraparietal sulcus and neighboring cortex.
Discussion
Taking advantage of the complementary strengths of fMRI and MEG, we have described a parietal response to episodic retrieval that is centered on the intraparietal sulcus and has an early, transient time course. Vertex-wise analysis of fMRI data over the left lateral parietal cortex localized the peak region of greater recall-classify activity to the border between the superior and inferior anatomical atlas ROIs, in the intraparietal sulcus. The region identified by localization of the hemodynamic response was then used to probe the temporal dynamics of the electrophysiologic response, which exhibited greater recall-classify activity during the first 300 ms following the cue to retrieve. Vertex-wise analysis of MEG data suggested the retrieval-related electrophysiologic response over this early period was also concentrated in and near the intraparietal sulcus.
The location of the retrieval response described here supports a functional role in episodic retrieval for the intraparietal sulcus, a region that has been highlighted as part of the dorsal parietal cortex in dissociations of parietal activity in retrieval Ciaramelli et al., 2008; Vilberg and Rugg, 2008a) . The chief argument against an episodic retrieval role is based on a consistent observation from fMRI studies using remember/know recognition paradigms that the intraparietal sulcus is associated more with familiarity than with recollection Rugg, 2008a, 2008b) . Under one view, these findings are evidence that the intraparietal sulcus does not participate in episodic retrieval, but instead contributes to downstream processes (Vilberg and Rugg, 2008a) . Under another view, however, it is argued that the intraparietal sulcus is more active for familiar items because these require greater top-down attention to memory search than recollected items Ciaramelli et al., 2008) . If the subject recognizes a test item in the remember/know paradigm as previously studied (i.e., familiar), but some detail from the study event does not immediately come to mind, the subject should make an effort to retrieve such a memory. In this way, familiar items themselves represent a cue to engage top-down attention to episodic memory search in the remember/know task. Among the advantages of the cued-recall paradigm used in this study are that stimuli in both conditions are equally familiar and that the conditions differ by the presence or absence of an explicit top-down retrieval cue. Thus, the recall-related response during this paradigm, localized to the intraparietal sulcus with both fMRI and MEG, is difficult to reconcile with the suggestion that dorsal parietal involvement in retrieval is limited to familiarity.
The time course of the MEG activity difference also does not support several of the functional hypotheses associated with the left lateral parietal cortex. In particular, the early onset and offset of increased recall-classify activity is not consistent with processing downstream of retrieval. Other functions attributed to left parietal lobe activity similarly imply post-retrieval activity. Some retrieved information is necessary before the parietal cortex could participate in the subjective experience of recollection or in the buffering of that episodic information, but the MEG activity difference in the time courses in Figure 3C is clearly observed during the first 50 ms after onset of the stimulus-before completion of basic visual processing. There remains a possibility that processes associated with successful retrieval might partially contribute to the later portions of the MEG response. If, however, the intraparietal sulcus is either buffering retrieved information or utilizing retrieved information for some process occurring downstream of retrieval, the MEG response might be expected to extend closer to the behavioral response. The mean behavioral response in the retrieval condition comes more than 1400 ms after the period of significant MEG response. The early onset and the transient duration of retrieval-related MEG activity are not readily compatible with hypotheses assigning a post-retrieval role to intraparietal sulcus activity.
Both the timing and location of the present findings are consistent, however, with top-down attention to memory search. The recall-classify condition in our study encourages top-down attention to memory search by requiring retrieval of a specific paired associate and giving the instruction to retrieve prior to presentation of the cue. The intraparietal sulcus may contribute to the direction of internal attention toward episodic memory search or possibly toward a particular target in episodic memory, though the latter is less likely, given the immediate and brief MEG response. Centered in and near the intraparietal sulcus, our findings are largely localized within the dorsal parietal cortex region proposed to be responsible for top-down attention to memory search Ciaramelli et al., 2008) .
A limitation of the present study is the relatively focused time period investigated. The present MEG data set was designed to explore the first 500 ms following cue onset ) and thus does not preclude the possibility of a later activity difference; however, any such activity difference would likely be distinct from that described here, as there is no significant activity difference in the 300-400 ms or 400-500 ms subperiods.
Another limitation of this study, common to all brain imaging studies comparing two conditions, is that a paired contrast does not provide proof that the process underlying the activity difference is exclusive to only one of the conditions. A graded process may participate in both the recall-classify and classify conditions but still contribute to the activity difference. Ongoing encoding and retrieval are to be expected regardless of experimental task, yet this study controls for incidental memory processes by contrasting the recall condition with a condition that does not require episodic retrieval. Thus, similar underlying processes may contribute to both conditions, but the present findings demonstrate that intraparietal sulcus activity is increased when episodic retrieval is required.
Conclusions
Taken together, these findings offer convergent, multimodal evidence for involvement of the intraparietal sulcus in recall and suggest that this region contributes to pre-retrieval processes, such as orienting attention to memory search. The power of integrative analyses in evaluating functional hypotheses is demonstrated by the observation that only one of the several proposed roles for lateral parietal cortex (top-down attention to memory search) is clearly consistent with the parietal response measured in this study. By describing both the location and timing of parietal activity during recall, the present results provide a critical piece of the empirical framework necessary for understanding how the intraparietal sulcus contributes to episodic retrieval.
Research Highlights
• fMRI and MEG show increased left lateral parietal activity with episodic retrieval.
• Peak fMRI response localizes to the intraparietal sulcus.
• MEG retrieval response in intraparietal sulcus is early and transient (0-300 ms).
• Parietal activity in cued recall is consistent with top-down attention to memory.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Pair-cued recall task. Subjects viewed each pair for 3 seconds during the study phase (repeated in random order three times). MEG or fMRI recordings were acquired during the test phase (timeline on bottom of figure) . In classify trials subjects made a simple living/ nonliving judgment on the presented item. In recall-classify trials subjects retrieved the absent associate and then made a living/nonliving judgment on the item in memory. In both conditions the test item was equally likely to appear on the left and right sides. A fixation cross and two black boxes were presented during the initial 250 ms of the trial. The cue period is enlarged only for display in the figure. Reproduced with permission from . (A) Three anatomical ROIs in the left lateral posterior parietal cortex. (B) Group-level tstatistics for greater BOLD response in the recall-classify condition than in the classify condition. (C) Analogous t-statistics for MEG response, averaged over the period from 0-300 ms after onset of the retrieval cue. The lower image in each frame is a superior view of the left hemisphere, rotated 30 degrees to show the intraparietal sulcus. Thresholds were set for t-statistics corresponding to controlling the false discovery rate over the left hemisphere at 0.05 (minimum) and 0.01 (maximum). (A) Functional ROI defined from t-statistic map for greater BOLD activity in the recallclassify than in the classify condition. The lower image is a superior view of the left hemisphere, rotated 30 degrees to show the intraparietal sulcus. (B) Derived hemodynamic response functions (and standard error) for both conditions within the functional ROI. (C) Estimated MEG activity time series. "dSPM" refers to dynamic statistical parametric mapping, the MEG source localization method used. Recall-classify MEG activity was significantly greater than classify activity for the 100 ms time periods indicated in yellow (**: p < 0.001, ***: p < 10 −5 , ****: p < 10 −7 ).
